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Abstract 
The effects of tube bending, preforming and subsequent hydroforming on formability of austenitic stainless steel in 
manufacture of engine cradle were studied in present study. Wall thickness distribution, surface quality and cross section 
distortion after tube bending were analysed. The results showed it can obtain high forming quality and dimensional accuracy 
when tubes are filled with 0.7 mm diameter steel balls during bending process. It is more important that pulsating hydroforming 
can effectively improve the formability of final products which have apparent non-uniform deformation due to the springback 
after bending. Applying pulsating load with large amplitude can achieve a more uniform deformation with a more 
homogeneous thickness distribution beneficial for preventing excessive local thinning and an excellent die filling performance 
for tube hydroforming.  
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1. Introduction 
Tube hydroforming processes are used to form hollow parts with different cross-sections by applying a high 
internal hydraulic pressure and additional axial feed at the same time to force a tubular blank to conform to the 
shape of a given die cavity (Zhang, 1999). With the increasing requirements of automobiles to reduce their weight 
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to save energy, lightweight construction is now one of the main fields of applications (Dohmann and Hartl, 1996). 
However, there are still some defects such as wrinkling, buckling and bursting during hydroforming process. The 
paths of internal pressure in the tube hydroforming are a key to preventing the occurrence of these defects 
(Ahmetoglu and Altan, 2000). The effects of loading path on the formability of the materials were studied widely 
(Imaninejad et al., 2005; Hama et al., 2006). Recently, a pulsating hydroforming process of tubes has been 
developed based on accurate computer control and is known as one of the effective methods to improve the 
formability (Hama et al., 2004; Mori et al., 2007; Mousavi et al., 2007). In addition, many automotive components 
have variable cross sections, even their axis is not a straight line but a complicated curve, where the preforming 
process is needed. Tube bending as the most common pattern of preforming can form an intermediate shape 
between an initial blank and the final product. However, local thinning, cross section distortion and springback 
often occur after bending, which strongly influence the formability of subsequent hydroforming.  
In present study, the experiments on tube bending, preforming and hydroforming of austenitic stainless steel 
were carried out for manufacture of a certain type of engine cradle. The thickness distribution, cross section 
distortion and surface quality after tube bending were compared with different filling medium. Then, tube 
hydroforming experiments were conducted by applying various loading paths such as monotonous loading and 
pulsating loading to investigate the effects of preforming and hydroforming on formability of the tube. 
2. Materials and methodology 
Austenitic stainless steels fall into the category of transformation induced plasticity (TRIP) steels whose high 
strength and excellent ductility can be achieved due to their strain-induced martensitic transformation at ambient 
temperature (Fischer et al., 2000; Han et al., 2008; Rocha et al., 2009). The material used in present study was AISI 
304 austenitic stainless steel tubes, which were produced by multi-pass drawing. Its dimensions are 1 mm wall 
thickness, 20 mm the outer diameter and 62.8 mm the circumferential perimeter.  
 
 
Fig. 1. Shape and size of typical sections of the die cavity. 
Engine cradle is an important part of front axle of the chassis in automobile. Due to the structure lightweight, it 
is difficult to directly manufacture the engine cradle with many different hollow cross sections. It generally requires 
multiple procedures such as tube bending, preforming and hydroforming to manufacture a complicated component. 
According to the symmetry, 1/2 part of the engine cradle of a certain type of compact car was selected in present 
study. Fig. 1 shows the shape and size of the typical cross sections which mainly consist of oval and square shape. 
The axle is like “Z” shape, where the two angles are 66 degree and 95 degree respectively. 
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It is suitable for austenitic stainless steel to adopt rotary-draw cold bending because of the good combination of 
strength and ductility at room temperature. In the actual process of tube bending, the tube should be filled with 
proper fillers in order to effectively restrain the cross section distortion as well as the wrinkle. Therefore, in present 
study steel balls are selected as the filling medium with diameters of 0.7, 1.2, 1.5 mm. In addition, molybdenum 
disulfide is adopted as the lubricant. It also needs preforming before hydroforming to let the tube completely into 
the die without any defects. Since the diameter of tube blank is less than the cross section of die, it just needs die 
closing to preform the tube in present study. Various loading paths were employed such as monotonic loading and 
pulsating loading respectively. It is paid more attention on the influence of process parameters of pulsating load on 
formability. The main process parameters of pulsating hydroforming are the amplitude and the frequency. The 
frequency is chosen 0.5 Hz which is beneficial to the formability in view of previous work (Xu et al., 2013). The 
amplitudes are employed by 10 MPa and 20 MPa. The hydraulic loading velocity is employed by 3 MPa/s. The 
preset maximum internal pressure is 140 MPa. In addition, the axial strokes are proposed during hydroforming at 
the mean while for each loading path. The lubricant is also molybdenum disulfide. 
3. Experimental results and discussion 
3.1. Tube bending  
As mentioned above, there are two angles of 66 degree and 95 degree in the engine cradle. Since the influence 
of angles on bending process is similar, just the angle of 95 degree was taken for example to study the process of 
tube bending in the experiment. The inner and outer wall thickness distributions of tube are compared by filling the 
tube with different steel balls after bending. The outer thickness was obviously thinning, whereas the inner one 
became thick, due to the inside and the outside of the tube on different stress states during bending. Furthermore, 
with the steel ball diameter increases, the wall thickness variation becomes more severe. When the tubes are filled 
with the ball diameter of 0.7 mm, 1.2 mm and 1.5 mm respectively, the thickening rate is 11%, 14% and 18% for 
the inside and the thinning rate is 6%, 8% and 14% for the outside. Fig. 2 shows the bending area of tube filled 
with different steel balls. It is hardly to find any wrinkle on the inside and outside of the bended tube due to the 
good stiffness of the steel balls. However the noticeable indentation can be found on the inner wall for all 
conditions, which would reduce the quality of preforming and the formability of subsequent hydroforming. With 
the diameter increasing, the indentation depth gradually increases. It indicated that the larger the ball diameter, the 
larger pressure exerted on the inner wall. When the ball of 0.7 mm diameter is in usage, it can obtain a good surface 
quality. 
 
Fig. 2. Comparison of bended tubes filled with different diameters steel balls. 
3.2. Close die tube hydrofomring 
The bended tube can be completely put into the hydroforming die without any defects just through die closing. 
The tube blank has a good flatness in the horizontal direction, which can effectively guarantee the sealing effect 
between the punches and tube ends. The pulsating hydroforming results of different amplitudes are illustrated in 
Figure 3, as comparison, the monotonic loading path is also conducted. The three curves in the figure represent 
internal pressure, punch force and axial stroke with the forming time respectively. It is found that bursting will 
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happen before internal pressure reaches 120 MPa for the monotonic loading path, whereas the internal pressure can 
reach the preset value without bursting for the pulsating loading path with two different amplitudes.  
Fig. 3(a) shows that the axial stroke for single-side punch is just 3 mm. Especially, there is seldom axial strokes 
at the beginning stage of hydroforming. The experimental results indicated that the bursting often concentrated in 
corner zone with 95 degree angle by using the monotonic loading path. Moreover, the crack possibly occurs at both 
inside and outside of the tube. It is easy to understand that the tube is prone to burst outside, where the wall 
thickness has already been thinning during the previous bending process. But it is unusual to burst at inside of the 
tube, where the wall is thickened through the bending. What Fig. 4 shows may help explain this strange 
phenomenon. Though the tube blank can be put into the die and the cross section can be calibrated to a certain 
extent by preforming, there is still a significant gap between the tube and the die if the bending position is chosen 
imprecisely and the springback occurs after bending. When this gap takes place at the inside of the tube, it means 
the more deformation is in need during hydroforming, which may lead to the excessive thinning and even bursting. 
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Fig. 3. Experimental data curves acquired by tube hydroforming: (a) monotonic loading path; (b) =10 MPa; (c) =20 MPa. 
   
Fig. 4. Corner zone of the tube (a) preformed tube in die; (b) bursting after hydroforming. 
However more axial strokes can be obtained by using the pulsating loading path. Axial punch pressure reaches 
the peak when the internal pressure is located on trough. The loading path leads to the reduction of friction between 
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the tube and die, which makes axial strokes increase in fluctuation for large amplitudes. Fig. 3(c) shows the 
experimental data of the pulsating load with the amplitude of 20 MPa. It can be found that the axial strokes display 
a stepped increase with the load pulsation during hydroforming and the total stroke for single-side punch is nearly 
10 mm. On the other hand, in our previous work, it has been proved that the TRIP effect in AISI 304 austenitic 
stainless steel can be remarkably enhanced by the process of loading and unloading similar to pulsating load (Xu et 
al., 2011; Xu et al., 2012). Hence the formability is significantly improved by pulsating load and the bursting can 
be effectively inhibited even under the severe non-uniform deformation. 
The wall thickness distribution is analyzed on some typical cross sections of formed parts by pulsating load. The 
shape and size of the cross sections of the 1/2 part of the engine cradle in present study have been already shown in 
Fig. 1. Due to the similarity, here some typical cross sections such as C, E, F and G are chosen to measure the wall 
thickness distributions after hydroforming. As shown in Fig. 5, eight measuring points are selected along the cross 
section, where the point 1 is the inside of the tube while the point 5 is the outside. 
  
Fig. 5. Measuring points of typical cross sections of the hydroformed part. 
      
0 1 2 3 4 5 6 7 8 9
0.6
0.7
0.8
0.9
1.0
T
hi
ck
ne
ss
 d
is
tr
ib
ut
io
ns
 [m
m
]
Measuring points
!
!
! Section C
  Section E
  Section F
  Section G
                                      
Fig. 6. Thickness distribution on the typical cross sections.  Fig. 7. Integral engine cradle without any defects by pulsating hydroforming. 
 
 
The thickness distribution on typical cross sections is shown in Fig. 6. Since there is minor influence of bending 
and preforming on the zone where cross section E and F with a rectangular shape are located, the wall thickness has 
little oscillation for these cross sections and thinning rate is less than 20% after hydroforming. However the 
thickness distribution on cross section C and G with an elliptical shape vary significantly. This is because cross 
section C and G are just located in two bending zones, where the largest deformation happens during preforming. 
In addition, the gap between the inside of the tube and the die lead to the point 1 in cross section C and G as the 
thinnest position where the tube has already burst if using the monotonic loading path. The thinning rate is still less 
than 30%, which could be considered safe in hydroforming. It is proved again that the formability can be 
significantly improved through the pulsating loading path. Finally, the integral engine cradle of 304 stainless steel 
through welding is given without any defects in Figure 7.  
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4. Conclusions 
In present study, experiments were carried out on manufacture process of an engine cradle of austenitic stainless 
steel such as tube bending, preforming and hydroforming. The results showed that tube bending and preforming 
can greatly influence the formability and quality of the sequent hydroforming process. Moreover, the formability 
can be significantly improved through the pulsating loading path. The main conclusions are as follows: 
(1) The steel ball of 0.7 mm diameter as the filler can achieve a better performance on thickness distribution, 
cross section distortion and surface quality after tube bending. 
(2) Though the tube blank can be put into the die by bending and preforming, there may be still a significant 
gap between the tube and the die, which would reduce the formability of sequent hydroforming. 
(3) More axial strokes can be obtained by load pulsation in hydroforming. The formability is significantly 
improved by pulsating load and the bursting can be effectively inhibited even under the severe non-
uniform deformation, where the tube has been already burst if employing the monotonic loading path. 
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